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Abstract 
By means of an ultrafast opto-acoustic technique we study the nanoindentation of thin chromium films on sapphire substrates by 
a ceramic ball bearing. Acoustic echoes at ~40 GHz returning from the film-indenter interface allow the film indentation profiles 
to be probed to sub-nanometer resolution over contact areas ~25 μm in radius. The deformation of the films during loading is 
thereby revealed. Furthermore, thermal wave imaging of the contact at megahertz frequencies is simultaneously achieved. 
PACS: 46.55.+d; 43.35.+d; 78.20.Nv; 68.35.Ct 
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1. Introduction 
The trend for device miniaturization requires the development of characterization techniques for the mechanical 
properties of nanostructures, especially thin films. Nanoindentation has provided a means to measure both elastic 
and plastic properties [1]. The use of sharp probes, such as pyramidal indenters or the tips in atomic force 
microscopes (AFM), offers nanometer lateral resolution determined by the indenter radius [2]. Owing to the 
localized force, plastic deformation occurs immediately as the sample is indented. In contrast to the case of spherical 
indenters [3], these sharp-tip techniques cannot be used to separately study elastic and plastic behavior. Plastic 
deformation leads to pile-up or sink-in near the edges of the contact, inducing errors in the measurement of hardness 
or elasticity [1]. To quantify such effects, AFM or electron microscope imaging of the indentation profile can be 
performed after the indenter is withdrawn. However, this does not permit detailed measurement of plastic flow 
during loading. 
Attention has therefore been focused on imaging during loading. In particular, ultrasonic imaging up to 
megahertz frequencies in contact mechanics allows access to the interfacial stiffness or the contact pressure [4]-[7]. 
However, with a resolution of the order of the acoustic wavelength (~0.1 mm) at the typical frequencies used (~30 
MHz), one cannot effectively probe contacts of nanoscale thickness. In this paper we describe a profiling technique 
for nanoscale mechanical contacts that implements the generation and detection of ultrasound with ultrashort optical 
pulses [8]-[10], offering acoustic frequencies up to and above 1 THz, sub-micron acoustic wavelengths, and ~1 µm 
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lateral resolution by optical focusing to a diffraction limited spot. Furthermore, we show how this technique
provides access to thermal properties through imaging MHz variations in thermoreflectance.
2. Picosecond ultrasonics
We prepared two samples consisting of poly-crystalline Cr films of thicknesses 110 nm and 215 nm sputtered on
(0001) sapphire substrates of thickness 0.8 mm. The samples lie horizontally on a rigid holder pierced with a
3.5 mm diameter hole for optical access. A sintered silicon nitride ball bearing of radius 98.2 
n
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against the Cr film using a high precision displacement stage. The load, monitored with a load cell, is stable to 5%
during the experiments. The rms surface roughnesses of the films (3 nm for the 110 nm film and 6 nm for the 215
nm film) and the indenter (13 nm) were determined with an AFM. Relevant physical properties are the longitudinal
sound velocity V , Poisson's ratio Q  and Young's modulus , with referring to the indenter, film and
substrate, respectively: V km s
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Picosecond longitudinal acoustic pulses are generated in the Cr films at the Al2O3-Cr interface with linearly 
polarized pump pulses of duration 200 fs from a Ti:Sapphire mode-locked laser (with a repetition rate of 80 MHz, a
wavelength of 810 nm and a pulse energy of 0.5 nJ). The optical pump reflectance at this interface is 0.5. The pump
light is chopped at a frequency of 1.1 MHz for synchronous lock-in detection. The transient optical reflectance
change at the Al2O3-Cr interface 0G , where 0R is the optical probe reflectance, is measured with
frequency-doubled circularly-polarized probe pulses of wavelength 405 nm and pulse energy 0.06 nJ as a function
of the time delay 
/)( RtR 6.0
t between the pump and probe pulses. The pump and probe beams are both focused on the Al2O3-
Cr interface with a ×50 microscope objective to provide an effective lateral resolution of ~2.2 μm. The objective is
laterally scanned in the plane of the interface to probe different regions of the indented samples.
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Fig.1 |  for the load N when probing at the center of the contact (bottom trace) and outside the contact (top trace) in
the 215 nm sample.
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Figure 1 shows |  (note that ) for the load F N when probing at the center of the
contact (bottom trace) and outside the contact (top trace) for the 215 nm sample. The 110 nm sample shows similar
features. | takes a lower value for delay times t in the case of contact. This is caused by thermally-
induced changes in G at the chopping frequency, discussed in Section C. At t we observe a positive
peak due to the excitation and relaxation of hot electrons in the Cr film. It is followed by a slow exponential
decrease owing to heat diffusion.
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Initially a hydrostatic longitudinal stress field is generated in the Cr over a depth ~20 nm determined by the ~15
nm optical absorption depth [12] at the pump wavelength and by the ~15 nm electron diffusion depth [10]. The
acoustic impedances of Cr and Al2O3 are such that the acoustic strain reflection coefficient at the film-substrate
interface is almost zero. This results in two unipolar compressive longitudinal acoustic pulses of typical frequency
40 GHz and wavelength 170 nm being launched perpendicular to the film-substrate interface in opposite directions
[13]. The acoustic strain pulse in the Cr film is reflected from the Cr film surface (or film-indenter interface), and is
detected at the film-substrate interface, giving rise to the echoes at ~W t 65 ps in Fig. 1 (and at ~W t 30 ps in the
110 nm sample). Only one echo is detected because of the acoustic impedance matching at the Al2O3-Cr interface. 
The second acoustic pulse is transmitted into the substrate, and produces oscillations in 0G at the Brillouin
frequency ~100 GHz [13]. Al
/)( RtR
2/vhhhh
2O3 has been chosen for its high sound velocity and its low photoelastic constant p12 in
order to minimize these oscillations. The height of the acoustic echo is reduced in contact. This feature, not
discussed here, can be used to measure the contact pressure [4].
A distinctive characteristic of picosecond ultrasonics is the ability to extract the nanoscale film indentation
00 f from the echo arrival timeW  ' W t and the film thickness 0h out of contact. Thereby the 
deformation of the film is monitored during the indentation process. ' obtained in the 110 nm and 215 nm
samples are plotted as a function of the radial coordinate
h
r in Fig. 2(a) and Fig. 2(b), respectively. The observed
spikes show correlation at the different loads applied, which points to the influence of the surface roughness. The
indentation profiles in the thicker sample appear to be deeper and more sensitive to the indenter roughness. In order
to confirm this observation, further measurements were performed.
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Fig.2 Film indentation vs. the radial coordinate r  at different
loads in (a) the 110 nm sample and (b) the 215 nm sample.
Fig.3  (a) Maximum indentation measured for load-unload cycles in 
the 110 nm sample (markers) compared with theory (dashed line)
and (b) for the results of Fig. 2(b) (squares) compared with theory
(dashed line).
FThe load is plotted against maximum indentation (at ) in Fig. 3(a) for a first load-unload cycle (squares 
and triangles, respectively) in steps lasting 10 min in the 110 nm sample. A second load-unload cycle (circles and
diamonds, respectively) performed at another location (not previously indented) show the same trend, demonstrating
the excellent reproducibility of the experiment. The Vickers hardness of a 1 μm-thick Cr film [14] has been
measured to be 13 GPa, corresponding to a yield stress in compression of ~4 GPa. The loading of the film for the
0 r
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h
maximum pressure applied (1.6 GPa at 4.6 N [15]) is therefore not sufficient for Cr to yield. Thus the load and
unload curves are nearly identical, as expected in the elastic regime.
The measured indentation '  at r is now compared with the theory of indentation of a thin film on a rigid
substrate by a rigid sphere [16]:
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As seen in Fig. 3(a) for the 110 nm film, the measured ' is smaller than that predicted, owing to the
deformation of both the ball and the substrate. However, the indentation at in the 215 nm film corresponding
to Fig. 2(b) shows very good agreement with theory, as depicted in Fig. 3(b). This is presumably due to the lesser 
role played by the indenter and substrate elasticities for the thicker film [17].
h
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3. MHz thermoreflectance
We also image the contact area in two spatial dimensions over a 200200u μm2 region with step 1 μm, as shown
for the example of ps for the 110 nm sample in Fig. 4. Newton's rings [18] are visible owing to the modulated
optical absorption at the pump wavelength O pp nm. They appear at a spacing determined by thickness
variations of the ball-film air gap for which '  for the m
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th ring. Thereby we measure '  outside
the contact area.
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Fig.4 /)(|  images of the contact at ps in the 
110 nm sample.
40 t Fig.5 |/)(|  images of the contact at ps in the 
215 nm sample.
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It is important to check if substrate bending affects these measurements. For a substrate of thickness s mm
and for a sample holder pierced with a hole of radius a mm, plate theory can be applied [19]. The flexural
rigidity of the sample is given by
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Solving for a simply supported circular geometry under a concentrated force F  applied at leads to the
following expression for the maximum deflection at the center of the sample:
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For the maximum load F=4.6N, hd=40nm. Since ha<<ak  the curvature of the sample is negligible. We therefore
compare' with the gap predicted by Hertz theory for a Ald
F
2O3 half-space. Good agreement is found, confirming
that the sample bending does not significantly affect the indentation process for N. Figure 5 shows image6.4
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data for the 215 nm sample. As predicted for thicker films, no residual pump light penetrates through the Cr in the
air gap, and so no rings are observed.
An offset is observed in the transients in Fig. 1 due to the modulated temperature change į at the chopping 
frequency. This MHz thermoreflectance contribution dominates the variation observed in Figs. 4 and 5. The contact
size increases with F, in accord with Hertz theory [15]. Results for | 0 in both samples are compared in
Fig. 6 at t , a time when only the MHz thermal effects contribute. The normalized amplitude A  of  is 
shown. The contrast between in and out of contact is similar for both sample thicknesses. į remains constant in 
the contact area, and is independent of load F. This indicates that the heat flux through the film-indenter interface is 
limited by the thermal boundary resistance at this interface, which does not depend significantly on load over the
range probed. Therefore this thermal measurement of the contact should offer a high sensitivity to the presence of
the contact at lower F, whereas the acoustic measurements are more suitable at higher F.
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Fig.6  Normalized amplitude of |  for  in (a) the 110 nm sample and (b) the 215 nm sample.|/)( 0t
4. Conclusion
In conclusion, we have applied picosecond ultrasonics to probe thin film properties during indentation by a 
sphere. The access to surface deformation during the indentation process is a useful tool for investigating nanoscale
plastic flow in or near the contact area. In addition, MHz thermoreflectance provides clear images of the thermal
contact. In future, it would be interesting to extend the method to the study of much thinner films to probe
picosecond heat transport through imperfect interfaces on nanometer scales. The use of an acoustically mismatched
film and substrate should allow the acoustic reflection from the indenter-film interface to be studied in more detail. 
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